The structures and orientations of cobalt phthalocyanine (CoPc) adsorbed on Sb(111) were investigated by low-temperature scanning tunneling microscope. We found that at the initial coverage molecular domains formed both on the terraces and at the vicinity of step edges that were saturated by molecular chains in advance. With the increasing of molecular coverage, the alternately arranged molecular rows of CoPc adsorbed on the bridge sites of Sb(111) and the orientations of them were rotated by 14
I. INTRODUCTION
Organic semiconductor thin films have attracted considerable interests as promising materials for applications in the areas of optical and electronic devices over the past several decades, such as photovoltaic materials, organic lightemitting diodes, organic field effect transistors, solar and fuel cells and so on.
1- 10 The properties of the organic molecular devices, especially the charge mobility, are strongly related to the quality of organic molecular thin films. For example, effective π -π stacking of organic molecules can enhance the orbital overlap of adjacent molecules, resulting in high carrier mobility. 11 Thus, the precise control of molecular assemblies on substrates plays a crucial role in successfully producing organic molecular devices.
As one of typical building blocks, it was worth noting that metal phthalocyanines (MePcs) as well as their derivatives were widely used as photovoltaic cells, photoconductors in laser printer, luminescent oxygen sensors and so on, since the rigid phthalocyanine macrocycle made them more stable toward both thermal deposition and light heat than the commonly used acenes and oligothiophenes. Recently, characterizations of the adsorption orientations and structures of MePcs on various substrates have been intensively studied on basis of scanning tunneling microscopy (STM) and theoretical calculations. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The structural evolutions of cobalt phthalocyanines (CoPc) adsorbed on Cu(100) are found to be dependent on the deposition coverage. 19 When CoPc molecules are deposited on Cu(111) and Pb(111), every molecular layer keeps the uniform adsorption orientations and structures. 13, 20 All the above studies reveal that the molecular configuration a) Authors to whom all correspondence should be addressed. and two-dimensional ordering of MePcs films strongly depend on the delicate balance between the intermolecular interaction and the molecule-substrate interaction. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Although the growth of MePcs on metal substrates are widely investigated, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] only a few reports focus on the adsorption properties of MePcs on semimetals, which are mainly performed on highly oriented pyrolytic graphite (HOPG). For example, the adsorption structures of copper phthalocyanines and iron phthalocyanines are dependent on the substrate temperature. [21] [22] [23] Additionally, the adsorption of zinc phthalocyanine on HOPG shows the stripe structures with the molecules standing up on the surface, while the CoPc deposition on HOPG result in the formation of defectfree self-assembled molecular domains and the coexistence of molecular multiphases. 24, 25 To our best knowledge, the MePcs-semimetal interaction is still far from being totally understood, especially for the cases of MePcs deposited on other semimetals, for example, Sb(111). Recently, investigations on Sb(111) have received considerable attentions and reveal that this surface shows anomalous properties in comparison with common semimetals. 26, 27 However, there is a lack of knowledge about the geometrical structures and orientations of MePcs adsorbed on this surface so far, which can enable ones to further understand the molecule-substrate interaction on both metals and semimetals.
In this work, we mainly investigate the growth mechanism of CoPc adsorbed on Sb(111) with the coverages ranging from the submonolayer, monolayer (ML) to the second layer, including the molecular adsorption configurations and sites. It is revealed that the molecules of the first layer adsorb on the bridge sites of Sb(111). Meanwhile, alternately arranged molecular rows form along the directions that are rotated by 14
• ± 2
• with respect to the [-101] direction. Finally, we find that the π -orbital fragments of the second-layer neighboring molecules overlap each other.
II. EXPERIMENTAL DETAIL
The experiments were carried out in an ultrahigh vacuum system equipped with a low temperature STM (Unisoku, Japan). The base pressure is better than 1.0 × 10 −10 Torr at the liquid nitrogen temperature (∼78 K). The Sb(111) substrate was cleaned in situ by several cycles of Ar + sputtering and subsequent annealing at about 620 K. The CoPc powder (purity of 95%, Aldrich) was purified by vacuum gradient sublimation and was degassed at about 600 K overnight. After that, the molecules were evaporated from a silica crucible onto the Sb(111) substrate. The deposition rate was monitored at about 0.1 ML/min with the substrate kept at room temperature and the pressure better than 5.0 × 10
−10
Torr. All STM images were recorded in the constant current mode by using electrochemically etched tungsten tips.
III. RESULTS AND DISCUSSION
A typical STM image of Sb (111) molecular deposition. The STM image in Fig. 2(a) indicates that the molecules preferentially decorate the step edges due to the relatively high adsorption coefficient and assemble into one-dimensional molecular chains, which is similar to the case for tetra-3,5-di-ter-butyl-phenyl porphyrin adsorbed on Cu (100). 28 Meanwhile, it is found that the whole CoPc molecules mostly locate at the lower sides of the steps, in contrast to the CoPc adsorption on Cu(001) and Au(111) where a slight deformation with the lobes adsorbing across the step edges is commonly observed. 15, 19 This discrepancy should relate to the different molecule-substrate interaction when the CoPc molecules adsorb on various substrates.
Once almost all the steps are saturated by CoPc molecules, small molecular domains consisting of a few molecules start to be formed simultaneously at both the vicinity of steps and on the terraces. With the increasing of CoPc coverage, monolayer molecular domain with a well-ordered hexagonal structure preferentially extends from the step edges as observed in the region surrounded by white broken square in Fig. 2(a) . This growth manner is totally different from the cases of CoPc adsorption on some metal surfaces where molecules separately distribute at the initial coverage. 15, 19 It is also in contrast with the case of CoPc deposition on HOPG that shows defect-free molecular domains with large areas. 25 The growth manner of CoPc on the semimetal substrate implies that the molecule-molecule interactions are stronger than the molecule-substrate interactions. Compared to the energy bands of metals, the valence and conduction bands of semimetals show a little overlap only at a certain direction of Brillouin zone, which causes the low local density of states (LDOS) at or near Fermi level. As previously reported, 29 the interaction strength between molecular orbitals and substrates can be influenced by LDOS. So the diverse growth manners of CoPc on metal and semimetal substrates may relate to the different surface LDOS between them. In addition, we find that the molecular domain locating at the upper left side of Fig. 2 (a) possesses different stacking orientation from that in the region marked by the white broken square. It is further confirmed by the corresponding FFT image [the inset of Fig. 2(a) ]. Twelve spots symmetrically surrounding the FFT image center are observed, implying that the molecular domains are arranged as two types of stacking orientations with a rotation angle of 28
• ± 4
• . Meanwhile, many small domains with disordered structures, for example, those in the black square region of Fig. 2(a) , randomly distribute on the terraces and steps. What's interesting is that the number of molecules forming disordered domains is smaller than that of ordered domains. Thus it is judged that the balance between the weak molecule-substrate interaction and the relatively strong inter-molecule interaction may dominate the disorder-to-order phase transition.
To clarify the growth mechanism at the initial stage, especially the molecular adsorption orientations and sites, it is essential to investigate the disordered molecular domains in depth. Figure 2(b) shows the zoomed-in image of the region indicated by a black square in Fig. 2(a) and reveals the adsorption details of CoPc molecules in the small molecular domains. The four-leaf feature with a bright protrusion in the center represents a single CoPc molecule, indicating a flatly lying adsorption configuration. We analyze the molecular adsorption behaviors and find that there are only three bonding configurations which are marked by numbers in Fig. 2(b) . On the other hand, to determine the molecular adsorption sites, CoPc molecules and the substrate lattice were imaged simultaneously at the positive bias voltage of 1.0 V [ Fig. 2(c) ]. The Sb atoms are shown as dark holes at unoccupied states and it is identified that the CoPc molecules reside on the bridge site of Sb(111) by superimposing the Sb(111) lattice onto this image. The corresponding schematic orientations of the molecules with respect to the substrate are sketched in the inset of Fig. 2(c) , which are identical with the three bonding configurations observed in Fig. 2(b) . The molecular lobes of the type 1 point to the [-211 ] and [01-1] directions, respectively and other two types of adsorption configurations can be achieved by a rotation of ± (30
• ± 2 • ) with respect to the type 1, respectively. The latter two configurations bear the uniform chemical adsorption environments and adsorption energies because of the C 6 symmetry of the Sb(111) substrate. No more adsorption configurations can be found even the coverage reaches one monolayer.
With the coverage increasing to around one monolayer, the long-range ordered molecular film is formed on Sb(111) and almost covers the whole terraces. Figure 2(d) shows the STM image where the film arranges as a uniform supramolecular structure except the existence of only a few missing molecular defects [dark holes in Fig. 2(d) ]. As discussed above, initially molecular domains formed both at the vicinity of steps and on the terraces. Further increasing the CoPc coverage makes the domains joint together and stack as a uniform structure. It is obvious that this growth process does not cause coexistence of two different assembly arrangements which refer as "step phase" and "terrace phase" on some metal substrates. 30 Moreover, this result also differs from the CoPc adsorption on HOPG where molecular multiphase configurations are oberved. 25 These discrepancies can be explained in terms of the diverse intermolecular and molecule-substrate interactions for the adsorption of CoPc molecules on various substrates.
STM images of the CoPc monolayer with high resolutions are shown in Figs. 3(a) and 3(b) . The orientation of the Sb(111) substrate is denoted by white arrows in the images. By analysis of both images, we can clarify the molecular adsorption configurations as well as the unit cells of the periodic structures. In Fig. 3(a) , the unit cell of the CoPc molecular film is labeled by I and the orientation of the molecular rows presents an angle of 14
• with respect to the [-101] direction of the substrate. The CoPc molecules keep the uniform adsorption configuration in each molecular row, while those in two neighboring molecular rows adopt different adsorption configurations in plane. These molecular configurations are identical with those labeled as 2 and 3 in the inset of Fig. 2(c) , respectively. This observation totally differs from the case of CoPc adsorption on Au(111) where all the molecules possess the same configuration. 20 In Fig. 3(b) , another type of unit cell labeled by II is observed. It can be expressed by a rotation of 28
• with respect to the type I as further confirmed by the observation of twelve spots in the inset of Fig. 2(a) and both of them show a mirror symmetry with the [-101] direction. In Fig. 3 Fig. 2(c) , the models of both unit cells are sketched in Fig. 3(c) and 3(d) , respectively, where the schematic structures are superimposed on an atomically resolved STM image of Sb(111) and the centers of the CoPc molecules are proposed to locate at the bridge sites of the substrate. In this case, the molecular monolayer shows a (2
• ) structure with respect to the Sb(111) surface. Further careful analysis confirms that there are only the two types of unit cells if the C 6 symmetry of the Sb(111) surface is considered.
Although the film retains long-range ordering only with a few missing molecule vacancies [ Fig. 2(d)] , it is still found that dislocation defects exist in the film when the coverage reaches one monolayer [ Fig. 4(a) ]. The domain boundary is guided by a white broken line, across which self-assembly molecular sites directed by a black dotted line are shifted by a distance of D (8.6 Å), twice of the primitive lattice constant of Sb(111). In addition, molecularly resolved STM image enables us to detailedly investigate the molecular adsorption at the step edges. As seen from Fig. 4(a) , two lobes of the CoPc molecules attach at the lower side of the step edge and thereby the well-ordered molecular chain is formed along the straight step. Figure 4(b) shows the schematic sketch of the molecular adsorption near a straight step edge. It is worth noting that the molecules indicated by red circles are positioned between two molecules attaching to the step edge. These molecules locate at the front of the molecular assembly rows and one of their lobes directs to the step edge. This result implies that the orientation of the ordered molecular monolayer relates to that of the monoatomic step. Meanwhile, this adsorption manner of CoPc also fits to the case of molecular self assembly near the rough step edges as shown in Fig. 4(c) .
After the self-assembly of the first monolayer is finished, further deposition of CoPc results in the stacking of the second molecular layer. Figure 5 ranged along the molecular row direction of the underlying layer as observed in Fig. 5(b) . By analyzing the configurations of neighboring molecules in Fig. 5(b) , we find that CoPc molecules of the second layer adsorb on the top sites of the underlying molecules with the molecular π planes parallel to the Sb(111) surface. The molecules in the neighboring rows of the second layer adopt different adsorption orientations that are the same as those in the first layer. Depositing more CoPc molecules results in the formation of molecular multilayers with a square unit cell and identical adsorption orientations in all rows. In this case, we can not resolve the molecules in both the topmost layer and the underlying layer simultaneously. Therefore, the adsorption positions of the multilayer molecules are still unknown.
The π -π stacking between the first two layers can enhance the interlayer π -orbital overlap and facilitates the effective charge transport along the π -π stacking direction. 11 The enlarged STM image obtained at the negative bias of −1.8 V [ Fig. 5(c) ] shows eight leafs surrounding the bright protrusion at the center of a CoPc molecule. This morphology should relate to the nearly free CoPc molecular orbitals exhibiting an eight-leafed structure for the occupied orbitals 20 and is different from the observation of CoPc molecules adsorbing on metal substrates where only four leafs are imaged. 15, 19 In Fig. 5(c) , the orbitals of neighboring molecules residing within the molecular island overlap with each other. In fact, the first molecular layer serves as a decoupling layer which quenches the coupling between the molecules of the second layer and the Sb(111) substrate. As a result, the orbitals of CoPc in the second layer can expand along the molecular plane. Meanwhile, the in-plane π -π interactions between neighboring molecules within the island result in the overlap of the extended orbitals. Consequently, two fragments from neighboring molecules combine into one leaf as observed in Fig. 5(c) . This result is similar to the case of TpPc2 deposited on Au(111) that shows the partial orbital overlap of neighboring molecules. 31 On the other hand, the molecules locating at the island edge [ Fig. 5(c) ] are not surrounded by other CoPc molecules and lack of orbital overlap. So the observed leafs at the island edge mainly relate to the nearly free CoPc molecular orbitals.
In addition, it is very interesting that sometimes the splitting phenomenon of phenyl lobes is observed in the first layer. Figure 5(d) shows the STM image of the adsorbed CoPc monolayer on Sb(111) acquired at the bias of 1.5 V. Each phenyl lobe of the CoPc molecules split into two fragments. In contrast to the observation of the second layer [ Fig. 5(c) ], the neighboring molecular orbitals do not overlap with each other, which may be attributed to the interaction between molecules of the first layer and the substrate. Here we can not rule out the potential contribution of tips in the STM measurements. For more straightforward explanation of this anomalous phenomenon, further experimental and theoretical studies are needed.
IV. CONCLUSIONS
The structures and orientations of CoPc molecules adsorbing on Sb(111) were systemically investigated by using low temperature STM. It was revealed that at the initial stages the molecular domains with a well-ordered structure were formed at the vicinity of step edges and simultaneously on the terraces. Increasing the CoPc coverage resulted in the formation of two sets of alternately arranged molecular rows where CoPc molecules adopted different adsorption orientations. With the coverage increasing to above one monolayer, the second-layer molecules were arranged along the molecular rows of the first layer and adsorbed with the same configurations as the underlying molecules. In addition, we found that the orbitals of neighboring molecules in the second layer overlapped with each other, which should be attributed to the decoupling effect of the underlying molecules and the in-plane π -π interaction between neighboring molecules.
